Constant effective mass across the phase diagram of high-T c cuprates 
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We investigate the hole dynamics in two prototypical high temperature superconducting systems: 
La2- :E Sr :E Cu04 and YBa2Cu30 y using a combination of DC transport and infrared spectroscopy. 
By exploring the effective spectral weight obtained with optics in conjunction with DC Hall results 
we find that the transition to the Mott insulating state in these systems is of the "vanishing carrier 
number" type since we observe no substantial enhancement of the mass as one proceeds to undoped 
phases. Further, the effective mass remains constant across the entire underdoped regime of the 
phase diagram. We discuss the implications of these results for the understanding of both transport 
phenomena and pairing mechanism in high-T c systems. 



PACS numbers: 74.25.Gz, 74.25. Kc, 74.72.Dn 

At zero temperature in a Mott- Hubbard (MH) insula- 
tor, carriers are localized due to strong electron-electron 
interactions. In some systems long range antiferromag- 
netic (AF) order is favored due to superexchange. 1 Mov- 
ing away from this ground state by heating or doping, a 
number of exotic behavior emerge™*^ These include un- 
conventional magnetic order 4 , pseudogap phenomena™, 
and high-T c superconductivity (SC). To elucidate these 
complex forms of matter, it is necessary to clarify the ori- 
gins of conduction as evolved from the undoped zero tem- 
perature state of the MH insulator. In fact, since the dis- 
covery of high-T c SC this task has been widely regarded 
as one of the most fundamental problems in all of con- 
densed matter physics £ Here we study the only known 
class of MH systems to exhibit high-T c superconductiv- 
ity, the cuprates. Transport and infrared properties are 
presented for two prototypical families: L^-zSr^CuO^ 
(LSCO) and YBa 2 Cu 3 O a (YBCO). We show that the 
optical effective mass remains constant throughout the 
underdoped region of the phase diagram and discuss the 
implications of this enigma for both transport and super- 
conductivity. 

As a probe into the carrier dynamics of these two 
archetypal compounds we utilize a combination of DC 
transport and infrared spectroscopy. The optical mea- 
surements have been carried out from 1.2 meV to 6 eV (10 
cm -1 to 50,000 cm^ 1 ) in near normal reflectance geome- 
try. Both the LSCO and YBCO samples are high quality 
de- twinned single crystals, the preparation of which was 
described previously in detail. 7 Detwinned samples are 
especially important for YBCO to ensure that the a-axis 
data analyzed in this work are not contaminated by the 
contribution due to Cu-0 chain segments. The optical 
conductivity ai(u>) + i<J2(w) and complex dielectric func- 



tion Ei(u>) + ie2(u>) was determined from the reflectance 
data&& and checked against direct ellipsometric measure- 
ments. This work encompasses the underdoped regime 
of the phase diagram from long range AF ordered insu- 
lators, to high-T c SC compounds. 

The real part of the conductivity ai(uj) is displayed 
in Fig. H (panels e-h) and shows the evolution of the 
doping trends. It has been established that the low- 
est electronic excitation in undoped crystals of different 
families of high-T c superconductors is associated with 
a charge transfer (CT) gap at ~ 12000 cur 1 = 1.5eV.±fi 
The data presented in Fig. ^reveals the development of 
two distinct features in the intra-gap response upon car- 
rier doping, in accord with the earlier results^ 1 ^ The 
low-energy response is dominated by a Drude-like coher- 
ent contribution to the conductivity followed by a broad 
resonance in the mid-IR. We represent the dissipative 
part of the conductivity composed of two components as, 

ai(ui) — win 2? a +u~M7-7 — 7fl 2^i a — r, where Ji is the 
square of the plasma frequency for each term (subscripts 
D and M are for the Drude and MIR terms respectively) , 
ojm is the center frequency of the MIR term, 70 and 
7m are the Drude and MIR damping terms respectively. 
With increasing doping the oscillator strength associated 
with both contributions is enhanced (this is further de- 
tailed in Fig. |2J). The low-energy contribution to the 
conductivity is adequately described with the Drude ex- 
pression (red regions in Fig. ^ f-h) revealing the metal- 
lic nature of the electronic transport even in AF-ordered 
phases iiSiiii Approaching optimal doping at T = T c , 
the two components in the conductivity merge and can 
no longer be unambiguously identified. Notably, both the 
LSCO and YBCO series reveal exactly the same trends. 
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FIG. 1: (Color online). Optical data for YBCO and both optical and transport data for LSCO discussed in the context of the 
high-T c phase diagram. Left panels are data for x=0.03 LSCO and right panels depict the low temperature optical conductivity 
as a function of doping for both LSCO and YBCO. Data in panels f-h are at T= 7 K and at T just above T c in panels e. Panel 
a: phase diagram with the values shown for LSCO; the yellow area is the long range AF region (denoted by Tjv),the green 
area: superconducting region (marked by T c ), and the pseudogap region is denoted by T*. To facilitate a direct comparison 
with the data, temperature is plotted on the horizontal axis and doping on the vertical axis. The Hall coefficient Kh (10 -3 
cm 3 /C) displayed in panel (b) reveals two characteristic regimes (I and II). This is exemplified for the x=0.03 sample but 
similar behavior is found for all heavily underdoped crystals. These regimes can also be identified with significant regions in the 
DC resistivity corrected for thermal expansion (c). Panel d: the effective number of carriers, N e // (10 6 fi -1 cm -2 ), determined 
from the optical data as described in the text. Right panels: the real part of the conductivity at low temperature (T=10K, 
except T=T C for e and f and T=150K for y=6.65), displayed as black solid curves. Red colors signify fits using the standard 
Drude model. The blue area is a subtraction of the Drude fit from <ti(u) and is referred to as the "mid-infrared contribution" 
throughout the text. The resonant structure in the latter contribution can be adequately described with a Lorentzian oscillator 
(dashed lines). The loss function [Im(-l/e)], panels (i), also clearly depicts two components (shown as red and blue curves) for 
dopings x<0.10, y<6.65, and the progression to a single component, (black solid curve) for higher dopings. 



New insights into the nature of electronic transport 
in underdoped phases can be inferred from a combina- 
tion of the <t(w) results discussed above and the Hall and 
resistivity data obtained for nominally identical single 
crystals. We first note that in very underdoped crystals 
the behavior of the Hall coefficient is rather simple^ 
This is exemplified for x=0.03 crystal (Fig. Ufa). Indeed, 
Rjj 1 is essentially independent of temperature below 300- 
400 K until the lowest temperatures where both trans- 
port and optics data are strongly influenced by Anderson 
localization?^ Moreover, the carrier density nn = Rjj 1 
extracted from this plateau is in fair agreement with 
an estimate based on the chemical composition of 0.035 
holes per copper atomic The latter inference holds for 
other underdoped phases of both the LCCO and YBCO 



series ii* 

In order to establish parallels between transport and 
optics results it is customary to define the effective num- 
ber of carriers N e ff(ui) = J Q du)'ai(uj') contributing 
to the conductivity below a cut-off frequency u>. The 
strength of the coherent contribution to the conductiv- 
ity can be quantified either through the parameters of 
the Drude fit or by limiting the integration cut-off to 650 
cm -1 . The results of the latter approach are displayed 
with the filled red symbols in Fig. |2 The coherent contri- 
bution amounts to approximately 20% of the total spec- 
tral weight below the CT excitation (Fig. and open 
blue squares in Fig. Inspecting the data in Fig. |3 
one finds that both uh and N^h reveal the same doping 
dependence in underdoped compounds where two com- 
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FIG. 2: (Color online). Top panels show the optical effective 
mass as determined by the methods described in the text. 
Red symbols are the mass determined using a combination of 
optics and transport (left axis labels), and the black symbols 
represent the mass determined within the extended Drude 
model (right labels). All methods produce consistent results 
and mass values which are doping independent over large re- 
gions of the phase diagram. The low temperature long range 
AF ordered phase is denoted by the yellow shaded area and 
SC region by the green area. Note that despite the formation 
of the AF regime near the Mott transition, there is no notice- 
able enhancement of the optical mass. Bottom panels show 
both the effective spectral weight from optics data (red and 
blue open squares) and the number of holes as determined by 
transport (red and blue dots). 



ponent response can be identified in the IR data. With 
doping progressing towards optimal one witnesses a de- 
parture between the two results, again occurring in the 
same fashion for both the LSCO and YBCO series. 

Encouraged by the close consistency between optics 
and Hall data in underdoped regime we evaluated the 
optical effective mass of mobile holes as m,Q pt = (Rh x 
N^j)^ 1 . These mass values are plotted as the red sym- 
bols in the top panel of Fig. At doping levels above a 
critical value (x~0.10 for LSCO and y-6.65 for YBCO) 
one cannot unambiguously separate the coherent com- 
ponent from the mid-IR background. Nevertheless, the 
mass enhancement over the band value can still be de- 
termined using solely optical data within the frame-work 

of the "extended Drude model" 2£ = -^I/m[^M 

(black symbols in top panel of Fig. 2)^ and these are 
plotted as the black symbols in Fig. [5] Interestingly 
the two approaches produce consistent results. The key 
outcome of this analysis is that m*Q pt is nearly doping 
independent in both LSCO and YBCO. 

The topology of the Fermi surface in weakly doped 
cuprates is such that the masses calculated here re- 
veal important dynamical characteristics of the electronic 
states in the nodal region, and are thus related to the 
nodal quasiparticle effective mass. Doping independent 



m* 0pt in both families of cuprates excludes the notion 
that carriers doped in MH system necessarily experience 
a divergence of m* near the transition to an insulator. l ? 
Although we are not aware of any direct inference of the 
effective mass for the cuprates from the specific heat data, 
an inspection of the doping dependence of linear coeffi- 
cient 7 supports our findings for m* 0pt w£i2& 

A theoretical analyses of the dynamics of mobile holes 
introduced into an antiferromagnet with the exchange 
energy J suggests that the mass divergence can be 
avoidedi^fiiSiiSS Nevertheless, the effective mass is still 
strongly renormalized by the ratio of t / J where t is the 
bandwidth. A common denominator in these models is 
that the motion of a hole in an AF background implies a 
continuous reorganization of the local spin environment. 
Since these processes are energetically costly they re- 
strict carrier transport and enhance the effective mass 
with i/J~10 in the CupratesiSi The experimental sit- 
uation for non-superconducting MH oxides is somewhat 
controversial. For example some materials indeed comply 
with the above expectations and show a strong increase 
of m* when the Mott insulator boundary is approached 
both by varying concentration of dopants^iiSi and hy- 
drostatic pressured Other systems do not show such an 
enhancement^ Our data for high-T c cuprates report, 
for the first time, a systematic study of the optical effec- 
tive mass in this class of materials, and reveal relatively 
light masses. More importantly no noticeable changes in 
m Opt are f° un d despite the formation of long range AF 
ordered phases, and even in immediate proximity to the 
Mott insulating state. 

It is instructive to discuss the constant effective mass 
result in conjunction with other universal trends of 
cuprates. Our observations imply that the development 
of the conducting state occurs primarily through an in- 
crease in the density of carriers, while the dynamical 
characteristics of mobile holes remain remarkably con- 
stant throughout the entire phase diagram. This con- 
clusion is in accord with transport dataii^ and also 
supported by recent photoemission studies^ The lat- 
ter work reports a gradual development of the Fermi arc 
and finds that the integrated weight varies proportion- 
ally to n with doping. Interestingly, measurements along 
the "nodal region" (the direction of [0,0] to [tt, tt] in k- 
space), find that the Fermi velocity also is insensitive to 
doping. 28 One conjecture reconciling all these observa- 
tions is that the local environment of mobile charges in 
cuprates remains unaltered with doping and it is only the 
phase space occupied by hole rich regions that is progres- 
sively increasing. Some of these trends are also consistent 
with the variational analysis of doped holes in a resonant 
valence bonds insulator^ 

We now wish to highlight several unexpected features 
in the high temperature DC transport of very under- 
doped crystal relating these features to the IR results. 
The Hall number = i?^ 1 shows a marked increase 
at T > 300 — 400 K with a new plateau emerging above 
800-900 K as exemplified for x=0.03 LSCO crystal in 
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Fig. ^3. An increase in the Hall number occurs primar- 
ily between regions I and II (Fig. b) and appears to 
impact the T dependence of the resistivity p(T), Fig. Q] 
(c) . Indeed the rapid growth of the resistivity with T in 
regime I is followed by a nearly T-independent resistivity 
in regime The inverse resistivity in the saturated re- 
gion is in quantitative agreement with the magnitude of 
conductivity in at mid-IR frequencies. It is known that 
the coherent Drude-like feature clearly seen in the low-T 
data in Fig. ^ significantly broadens with increasing T 
and can no longer be discriminated from the incoherent 
mid-IR background as T is elevated to 400 Ki2i We spec- 
ulate that the transformation of c(w), resistivity and iih 
at elevated temperatures may all be of common origin. 
At these high temperatures quasiparticles residing on the 
Fermi arcs loose their identity and it is no longer possible 
to distinguish the role of these excitations in the trans- 
port properties from that of an "incoherent background" . 
One corollary of the results reported here is that the mag- 
nitude of rn* t reported in Fig. [3 remains unchanged if 



this value is extracted from the total spectral weight (be- 
low the charge transfer absorption) in combination with 
n H at 800-900 K. 

In conclusion, we have investigated the optical 
mass associated with the response of nodal quasiparticles 
across the underdoped regime of two prototypal high-T c 
superconducting families. Our results establish an al- 
ternative route for the Mott transition in this class of 
materials without the usual mass divergence or enhance- 
ment. One implication of a constant effective mass is 
that transport in high-T c cuprates is governed by excita- 
tions topologically compatible with an antifcrromagnetic 
background. Specific schemes permitting a constant ef- 
fective mass include spin-charge separation^! and elec- 
tronic phase separation, 32 Both scenarios propose un- 
conventional and exotic explanations of high-T c super- 
conductivity which depart from the standard BCS pre- 
scription. 
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